ABSTRACT Carbaryl-bran bait is effective against grasshoppers without many impacts on nontarget organisms, but ground beetles (Coleoptera: Carabidae) may be susceptible to these baits. Carabids are beneÞcial in agricultural settings as predators of insect pests and weed seeds. Carabid species and their consumption of weed seeds have not been previously studied in agricultural settings in Alaska. This study examined the effect of grasshopper bran bait on carabid activity-density, as measured by pitfall trap catches, and subsequent predation by invertebrates of seeds of three species of weed. Data were collected in fallow Þelds in agricultural landscape in the interior of Alaska, near Delta Junction, in 2008 and 2010. Bait applications reduced ground beetle activity-density by over half in each of 2 yr of bait applications. Seed predation was generally low overall (1Ð10%/wk) and not strongly affected by the bait application, but predation of lambsquarters (Chenopodium album L.) seed was lower on treated plots in 1 yr (340 seeds recovered versus 317 seeds, on treated versus untreated plots, respectively). Predation of dandelion (Taraxacum officinale G. H. Weber ex Wiggers) seeds was correlated with ground beetle activity-density in 1 yr, and predation of dragonhead mint (Dracocephalum parvifolium Nutt.) seed in the other year. We conclude that applications of carbaryl-bran bait for control of grasshoppers will have only a small, temporary effect on weed seed populations in high-latitude agricultural ecosystems.
Grasshopper populations in western North America frequently outbreak resulting in considerable losses to crops and rangeland forage. Baits have been used for the control of grasshoppers and locusts for many years (Shotwell 1942, Latchininsky and VanDyke 2006) . In contemporary formulations, these baits typically consist of wheat bran combined with an insecticide, usually carbaryl or dißubenzuron (Mukerji et al. 1981 , Jech et al. 1993 . Baits have proven to be effective in reducing grasshopper populations while minimizing the amount of active ingredient applied. Although more expensive than spraying of liquid chemicals, baits are widely used in environmentally sensitive areas, as barrier treatments for crop protection, and on small acreages (Fuller et al. 1996 , USDAÐAPHIS 2002 , NGMB 2007 .
Baits also greatly reduce the impact on nontarget organisms (George et al. 1992 , Peach et al. 1994 , Quinn 2000 , but some nontarget arthropods that consume wheat bran are susceptible to these baits. In addition to many species of innocuous acridids, other insects such as ants (Formicidae) and ground beetles (Carabidae), also may be susceptible to the baits. Quinn et al. (1991) reported that numbers of the three most common species of Carabidae captured in pitfall traps declined by 65Ð 81% after application of 5% carbarylwheat bran bait.
As predators of insect pests (including grasshopper eggs, Parker and Wakeland 1957) and weed seeds, the beneÞcial role of carabids in agricultural ecosystems has long been appreciated (Forbes 1883 , Best and Beegle 1977 , Larochelle 1990 , Kromp 1999 . Although some species are primarily carnivorous, many species are granivorous or omnivorous, consuming arthropods and seeds (Honek et al. 2003) . Invertebrates may contribute to the regulation of seed banks and have been shown to consume ecologically signiÞcant amounts of seed (Brust 1994 , Zhang et al. 1997 , Menalled et al. 2000 , Honek et al. 2003 , Gallandt et al. 2005 , Mauchline et al. 2005 , White et al. 2007 , Bohan et al. 2011 .
Although agricultural lands in Alaska are not infested with as many species of weeds as other regions, the weed ßora is growing steadily (Conn et al. 2008 (Conn et al. , 2011 . Fields enrolled in the U.S. Department of AgricultureÕs Conservation Reserve Program harbor a diverse ßora including non-native weeds (Seefeldt et al. 2009 ). Knowledge of the interactions among grasshopper management, carabids, and weeds will aid the development of sustainable agricultural ecosystems.
The primary objective of this study was to assess the impact that grasshopper bran baits have on carabid populations, and secondarily to assess the role of carabids in consuming seeds of weeds common in highlatitude agroecosystems.
Materials and Methods
Study Sites. The research was conducted on Þelds enrolled in CRP near Delta Junction, AK (64.0Њ N, 145.2Њ W). The vegetation of these Þelds consisted of mixed perennial grasses, annual and perennial forbs, and some woody vegetation such as willow (Salix spp.), and aspen (Populus tremuloides Michx.). These Þelds are mowed every 3 yr to prevent succession to forest.
Experimental Design and Trapping. Pairs of plots, one pair treated with carbaryl bran bait and the other pari left untreated, were replicated at Þve locations in each of 2 yr. Because grasshoppers in this region require 2 yr to complete their life cycle (Fielding and DeFoliart 2010) , and only the cohorts of even-numbered years are abundant, the research was conducted in 2008 and 2010. Eighteen kilograms of 2% carbaryl/ bran bait (Ecobran, Peacock Industries, Hague, Saskatoon, Canada) was broadcast over an area of 2.25 ha (150 by 150 m). Bait was applied on 15 June 2008 and 7 June 2010, the timing of which was determined by the stage of development (third and fourth instars) of the target grasshoppers.
At the center of the treated plots, Þve pitfall traps were set in a circle with 10 m between traps. A second set of Þve pitfall traps were set out in the adjacent, untreated plots Ϸ200 m from the traps in the treated plot. The traps were circular (10.5 cm in diameter, 10 cm in depth) with 50% solution of propylene glycol as a preservative. A plastic plate (15 cm in diameter) held in place with landscaping staples several centimeters above the trap prevented rain from Þlling the traps. Beetles captured in the traps were stored in 70% ethanol until they could be identiÞed. Voucher specimens have been deposited in the University of Alaska Museum of the North (UAM).
With each group of pitfall traps, seed caches were set out. Seed caches consisted of a 5-cm petri plate containing a thin layer of sifted soil, set into the ground such that the top edge was at ground level. Each seed cache contained 25 seeds of each of three plant species: Chenopodium album L., common lambsquarters; Dracocephalum parvifolium Nutt., dragonhead mint; and Taraxacum officinale G. H. Weber ex Wiggers, dandelion. Seed caches were surrounded by a wire mesh (6.4-mm) collar (7.5 cm in height, 12 cm in diameter) to exclude vertebrates. A plastic plate (15 cm in diameter) on top of the wire mesh collar, held in place by landscape staples, prevented rain splash. Another set of seed caches protected by Þne mesh screen which excluded carabids and other invertebrates, also were set out in each plot to measure seed survival in the absence of invertebrate predation.
Pitfall traps and seed caches were left in the Þeld for 7 d at each sampling period. Samples were collected at weekly intervals: once before bait application and three times after bait application. Beetles were stored in 70% ethanol until they could be sorted and identiÞed. IdentiÞcations were made using keys (Lindroth 1961, Ball and Bousquet 2000) . Voucher specimens were deposited in the UAM. Seeds were counted and inspected. Only intact seeds were counted as having survived, not those that were recovered but partially consumed.
Statistical Analyses. All species of carabids were combined for statistical analyses because no single species was found at all Þve locations and many species are omnivorous and thus likely to consume bait and seeds. If a trap was destroyed or the sample lost (e.g., because of large animal disturbances), trap catch was standardized to Þve traps based on the beetles captured in the remaining traps. Trap catch (activitydensity) was log e transformed for statistical analyses to stabilize variances. The effect of grasshopper bait on activity-density of carabids and number of intact seeds recovered was analyzed as a repeated measures analysis of variance (ANOVA) with location as a random block effect (Proc Mixed, SAS Institute 2003). An unstructured covariance structure, which does not assume that variances are correlated over time, was used based on log-likelihood ratios (Littell et al. 1998 ). The intensity of invertebrate seed predation was assessed by t-tests of differences in seed survival between caches exposed or protected from invertebrates. Correlations between seed survival and activity-density of carabids were assessed by Spearman nonparametric correlation of seeds recovered with the combined activity-density of the three posttreatment samples of all carabids.
Results
Ten species (Table 1) accounted for Ͼ95% all carabids collected. Four of these species are in two genera known to be primarily granivorous, Amara and Harpalus, whereas the remaining species are members of genera considered to be composed of carnivorous or mixed feeders (Johnson and Cameron 1969 , Best and Beegle 1977 , Hagley et al. 1982 , Larochelle 1990 , Kromp 1999 , Jorgensen and Toft 1997 . Species of Amara and Harpalus comprised 20 and 27% of carabids captured in untreated plots in 2008 and 2010, respectively, but only 15 and 12% of carabids in the treated plots (Table 1 [also includes pretreatment samples]). Other potential invertebrate seed predators were either not abundant, such as ants (Hymenoptera: Formicidae), or absent, i.e., Þeld crickets (Orthoptera: Gryllidae).
In each year, bait treatment and time by treatment interaction had signiÞcant effects on activity-density of all carabids (Table 2) . Treatment with carbaryl bran bait in 2008 signiÞcantly reduced carabid activity-density on weeks 1 and 3 posttreatment (F 1, 4 ϭ 10.3; P ϭ 0.033; F 1, 4 ϭ 21.2; P ϭ 0.010, respectively). Activitydensity in 2008 declined over time on treated and untreated plots, but the decline from pretreatment levels was greater in the treated plots than in the untreated plots (Fig. 1) . In 2008, 3 wk after treatment, activity-density declined by 67% in untreated plots compared with a 90% decline in the treated plots (untransformed data). In 2010, treatment with carbaryl bran bait signiÞcantly reduced carabid activitydensity on weeks 2 and 3 posttreatment (F 1, 4 ϭ 12.6; P ϭ 0.024 and F 1, 4 ϭ 15.1; P ϭ 0.018, respectively). Activity-density in 2010 increased by 80% untreated plots 3 wk after treatment but declined by 71% in the treated plots.
The effect of bran bait on seed survival was inconsistent. There was a signiÞcant treatment effect on survival of seeds of C. album in 2008, but the treatment by time effect was not signiÞcant (Table 3 ). The total number of intact C. album recovered in the 3 wk posttreatment combined were less on untreated plots than on treated plots in 2008 (mean, 317.0 versus 340.2 out of a possible 375 seeds [F 1, 4 ϭ 7.8; P ϭ 0.049]).
Seed disappearance from exposed caches was generally low (Ͻ10 seeds out of 125 over 7 d) and was not signiÞcantly different from the protected caches, except in a few cases (Table 4) . Survival of C. album from protected versus exposed seed caches did not differ signiÞcantly in 2008 or 2010 in either treated or untreated plots (Table 4 ). In the second week after bait application in 2008, fewer seeds of D. parvifolium were recovered from exposed caches compared with protected caches in the untreated plots (Table 4) . T. officinale provided the most evidence for invertebrate consumption of seeds. Differences between exposed and protected caches were signiÞcant in the Þrst and second weeks posttreatment in untreated plots in both years (Table 4 ). In 2008, there were signiÞcantly fewer seeds recovered from exposed caches, compared with protected caches, in treated plots, but this was before bait was applied (Table 4) . (Table 5) , with fewer seeds recovered as activity-density of carabids increased.
Discussion
Carabid activity-density was suppressed on plots that were treated with carbaryl-bran bait, especially in 2010. Evidence for a corresponding reduction in consumption of weed seeds was not strong or consistent, but all signiÞcant results were in the direction expected if reduced beetle populations resulted in greater seed survival: seed survival was negatively correlated with carabid activity-density; seed survival from exposed caches were less than from protected caches with differences occurring primarily on plots treated with bait; and fewer seeds of C. album survived on treated plots in 2008.
Seed predation in this study was relatively low, compared with other studies (Gallandt et al. 2005 , Mauchline et al. 2005 , Gaines and Gratton 2010). Mauchline et al. (2005) determined there was a signiÞcant correlation between seed predation and activity-density of two genera of carabids that were primarily granivorous (Amara and Harpalus) but not with total carabid density-activity. Saska et al. (2008) also measured only weak correlations between activity-density of carabids and levels of seed predation.
Given the numerous reports of granivory by carabids and their impact on postdispersal seed survival (Forbes 1883 , Best and Beegle 1977 , Hagley et al. 1982 , Zhang et al. 1997 , Gallandt et al. 2005 , Mauchline et al. 2005 ), a stronger relationship between carabid activity-density and seed disappearance might have been expected. It may be that most of the carabids captured in this study do not consume large quantities of seeds. Members of Amara and Harpalus are primarily granivorous (Hagley et al. 1982; Jorgensen and Toft 1997; Honek et al. 2003 Honek et al. , 2005 , but they did not represent a large percentage of the carabids captured in this study (21%). Members of the two most abundant genera in this study, Agonum and Pterostichus, are reported to be largely carnivorous (Best and Beegle 1977, Hagley et al. 1982) , although some members of these genera will consume seeds, even if animal food may be preferred (Forbes 1883 , Johnson and Cameron 1969 , Hagley et al. 1982 , Hurst and Doberski 2003 . In contrast, Gallandt et al. (2005) reported Harpalus rufipes DeGeer to be by far the most abundant seed predator found in their pitfall traps, and they measured a positive correlation with seed predation in one year, but not the next. Honek et al. (2003) found a signiÞcant relationship between activity-density of carabids and seed predation in some Þelds, but in others the variance was too high to yield statistically signiÞcant results.
The timing of the bait application and subsequent pitfall and seed cache samples may have contributed to the low rates of seed consumption. Grasshopper bait applications are most efÞcacious in early summer before grasshoppers are fully grown and before they have caused much crop damage or forage losses. Mauchline et al. (2005) found that seed consumption was greatest in early spring and declined throughout the summer when other food sources became abundant.
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In total, 125 seeds of each species were distributed among Þve caches in each plot. Asterisks denote signiÞcant difference (P Ͻ 0.05; t-test). ment in cold climates (Lö vei and Sunderland 1996) , one half or more of the total population of carabids is likely to be protected from consuming any bait. Unless baits were applied annually, we would not expect a long-term effect on carabid populations or diversity. Nevertheless, given the beneÞcial role of carabids as insect predators as well as seed predators, preservation and enhancement of carabid diversity within agricultural ecosystems are desirable.
